Abstract A series of chloro-alkylammonium montmoriUonites was produced by cation exchange from Na+-montmorillonite. Gas chromatographic data were obtained for light hydrocarbons and certain oxides of nitrogen. Surface area and X-ray powder diffraction studies were made on each organo-clay, making possible differentiation between possible chromatographic pathways. Adsorption of the gas molecules on the silicate sheet was determined to be the dominant chromatographic pathway for all gases studied.
INTRODUCTION
The utilization of organo-clays as chromatographic stationary phases has received much attention over the past two decades. Their use in this capacity was first described by White (1957) . White exchanged the naturally occurring inorganic cations with several alkylquaternaryammonium ions. The complexes, when used as stationary phases in ga~solid chromatography, displayed selective retentions of aromatics relative to paraffins and napthenes. White postulated that partition chromatography was occurring with the paraffins, while the aromatics were following some type of sorption chromatography. In that same year, Barrer and Hampton (1957) obtained sharp separation of paraffins (C 6 or larger) using alkylammonium bentonites as stationary phases. They discussed selectivity of the paraffins in terms of the lamellae spacing necessary to accommodate the sorbates, or, in other words, in terms of the microsieving abilities of the clays.
Inter-lamellar distances played only a minor part in the separation of xylene isomers by Mortimer and Gent (1963) . They used a commercially available dimethyldioctadecyl ammonium bentonite. It was modified for liquid chromatography by its mixture with a silicone oil and dispersion on Celite, where it existed as a thixotropic gel. Reduction of the silicone oil fraction, while producing no change in the basal spacing of the montmorillonite complex, was accompanied by an increasing separation of xylene isomers. Cowan (1963) proposed that the extent of adsorption was governed chiefly by the electronic transitions occurring within the sorbate molecules. In general, it has been accepted that adsorption plays a much greater role in the separation of aromatics relative to paraffins. As a result, aromatic separation has received much attention (Mortimer and Gent, 1963; Datar et al., 1957; Cowan and Cartwell, 1961; Van Rysselberge and Van der Stricht, 1962; Mortimer and Gent, 1964; Kiselev et al., 1972; Fuchs, 1971; Chitour and Vergnaur, 1974; Carringer et al., 1975) . One recent exception to this has been the work of Thielmann (1975) , who has studied the gas chromatographic behavior of metal-tris (EDA) cation exchange montmorillonite. His work paralleled that of earlier researchers to show that a polarizable gas, nitrous oxide, followed an adsorption process of separation while the light hydrocarbons followed a microsieve type of separation.
The present study also deals with chromatographic pathways of oxides of nitrogen and light hydrocarbons. A Na+-Wyoming montmorillonite was exchanged using five chloroalkylammonium salts. The salts were chosen so that for a given per cent exchange, cation dissimilarities and basal spacings would have a minimum effect on the chromatographic performance of the organo-clay. Direct correlation between a clay's performance and its surface area available for sorption was therefore possible.
EXPERIMENTAL
The initial clay for all samples was a Na + ion exchanged, centrifuged, spray-dried Wyoming Montmorillonite obtained from Baroid Division of NL Industries. The salts used for exchange were obtained from Michigan Chemical Corporation and are listed in Table 1 . Exchanged clays will be referred to in the remaining sections by the number given in Table  1 .
Samples were prepared in 2-1. batches. Fortythree grams of centrifuged, spray-dried Na+-montmorillonite were weighed. One-half was added in small increments to 21. distilled water in a 3-speed Waring blender. After a total of 7 min dispersion, the second half was added in larger increments. A final dispersion period of 7 rain resulted in a 2% clay dispersion.
All organo-clay samples were prepared on the basis of 1 mequiv, exchange cation per g clay. Exchange 144.0 hydrochloride salts were weighed to the nearest 0.0001 g, and dissolved in 250 ml of distilled water and added in small aliquots to the clay dispersion over a 15 min total stirring time.
After clay dispersion was allowed to stand for a minimum of 18 hr, the exchanged clay was centrifuged at 8000 rev/min. Temperature during centrifuging was maintained between 18 and 24~ Excess cation was removed by breaking up the centrifuged clay, washing it with distilled water and recentrifuging it three times.
Following this, the clays were transferred to plastic pans for drying at 45~ The dried clays were ground in a Weber Bros. Laboratory Pulverizing Mill which had two-thirds of the beater bars removed so as not to overpulverize the clays. The grindings were size fractioned and the 50/80 mesh fractions were used for chromatograph column packing, while the 200 + mesh fractions were used for X-ray powder diffraction and surface area studies.
Columns were prepared from Pyrex glass tubing 130cm long with a 4mm i.d. They were bent into U-shaped tubes at midpoint. The columns were packed with the prepared clays by pouring the clays into short thistle tubes attached to the open ends of the column as it was vibrated at 60 vibrations/sec. Final column sizes were 102 _. 1 cm for clays 2-5 (Table 1 ) and 99 _+ 1 cm for clay 1. Filled columns were stoppered with glass wool.
EXPERIMENTAL METHODS
A Picker X-ray diffractometer was used for X-ray diffraction studies using Cu, Ke radiation. The mequiv, organic cation/100 g clay were determined for each sample by an ignition loss method so as to determine the exact amount of organic cation that had been exchanged on to the clay.
Gas chromatographic data were obtained using a Perkin-Elmer Vapor Fractometer Model 154. A specially designed dual chamber thermistor conductivity cell with an 0.5 sec time constant and an 0.5 ml volume was used as detector. All measurements were made with the detector operating at 8 V. Helium was used as the carrier gas. A flow rate of 90 ml/min was used for all runs. Colurma pressure was 30 pounds per square inch. The usable temperature range of alkylammonium interlamellar complexes is approximately 50-150~ Below 50 ~ the column selectivity, retentivity and efficiency decrease. Above 150 ~ many organo-clays begin to decompose, (Taramasso and Fuchs, 1970) . All columns in this investigation were run at a low end of this range with a temperature of 50 + 0.1 ~ Samples of 0.1 ml _+ 2% were injected with a 1 ml B-D Plastipak Tuberculin hypodermic syringe fitted with a size 23 stainless steel B-D hypodermic needle. Columns were equilibrated at 50~ with He carrier gas flowing for at least 8hr prior to the initial experimental gas injection. Retention times were measured in millimeters on the recorder chart from point of injection to maximum peak height. Samples studied included the light hydrocarbons (Ca-C,) and oxides of nitrogen (NO, N20, N203, N204).
Surface area studies were carried out on a PerkinElmer Model 212C Sorptometer. The desorption curve was used for the calculation of the surface area as described by Thomas and Bohor (1968) .
RESULTS AND DISCUSSION
The experimentally determined mequiv, organic cation/100 g clay are shown in Table 2 . Also shown are the basal spacings and the interlayer space assuming the collapsed montmorillonite to be 9.6 A.
As shown, almost equal doo~ spacings were found for all clays. The highest degree of order, as indicated by the height and sharpness of the diffraction peaks, were given by the clays 1, 2 and 3. Models of the exchange cations made from Fisher-HirschfelderTaylor kits gave least width side projections of 4.4 + 0.2]~ for organic molecules 4 and 2, and 4.7 + 0.2 A for organic molecules 1, 3 and 5. Differences between these values and the interspace widths given in Table 2 were assumed to be due to slight penetration by the cations of the oxygen plane of the silicate layer.
Two types of surface area are available for gas adsorption---the edges of silica-alumina-silica sheets and the basal surfaces. The latter surface is much greater in size. However, for the Na+-montmorillonite this surface is largely inaccessible to gas adsorption due to stacking of the sheets. Cation exchange by organic molecules opens up the lattice, making the interlamellar surface available for adsorption. The degree of clay surface available depends on the cation size, the cation shape, the amount of exchange, and the degree of interlamellar expansion. The cations chosen for exchange all had a globular shape as indicated from the models. X-ray powder diffraction studies showed interlamellar expansion to be almost equal for all clays. Variation in per cent exchange values was shown to have little effect on chromatographic behavior, as seen by comparison of retention times of clays with cation of equal molecular weight (Clays 1 and 2, 3 and 4). This implied that the clay surface available for gas adsorption was determined by the size of the exchanged ion. This was, in fact, the case, as shown in Figure 1 , a plot of clay BET surface area, versus the surface area occupied by cations, as determined using top projection of models.
Retention times for the gases studied are given in Figure 2 For N203 the first peak occurred at a retention time corresponding to NO while a second peak was released at a longer retention time corresponding to NO2. The gas N204 gave a small peak at a small retention time and a much larger peak at a time corresponding to that of NO2 observed for N203. There are four possible chromatographic pathways. First, there is adsorption to the paraffinic chains of the cation itself. This was observed by White (1957) in the case of dimethyldioctadecyl ammonium montmorillonite. Second, adsorption of sample material on the oxygen face of the silica sheets is possible. Also, an interaction might exist concerning the solubility equilibrium of the organo-clay sample between adsorbed water and the carrier gas (Legate and Johns, 1964) . Finally, separation of sample materials can occur on the basis of their dimensions or steric configurations. Such microsieve separation was noted by Manara and Taramasso (1972) in the case of hotmites.
As described by Thielmann (1975) , conditioning of the clay to remove surface water prior to use as a chromatographic adsorbent seemed sufficient to remove the third type from consideration. Discrimination between the other three pathways was made possible by the constancy of cation chemistry, per cent exchange and basal spacings. As is evident, retention times for both the oxides of nitrogen and the hydrocarbons decreased with increased size of the cation exchanged. This would suggest that sorption on the exchanged cation was not the major pathway. Secondly, because basal spacings were nearly constant, it can be assumed that the size of pores and interlamellar spaces was indirectly proportional to cation size. Since retention times increased with sample gas molecular size for both the hydrocarbons and the oxides of nitrogen (Figures 2 and 3) , it can be surmised that microsieve effects were not dominant.
This leaves one possible pathway adsorption on the silicate sheets. In Figures 2 and 3 , retention times are seen to increase with decreasing cation size, or rather, with increasing surface area, as shown by comparison with Figure 1 .
CONCLUSIONS
In contrast to the work of White (1957) with dimethyl dioctadecylammonium montmorillonite, Barrer and Hampton (1957) with alkylammonium bentonites, and Thielmann with metal-tris (EDA) montmorillonites (1975), the light hydrocarbons and the oxides of nitrogen followed what appeared to be the same chromatographic pathway with this series of chloro-alkylammonium montmorillonites of essentially the same basal spacing. This pathway was one of adsorption on the clay silicate sheet surface.
